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Introduction 
In this contribution we explore and discuss the effects of implementing the 
EC Water Framework Directive (WFD) in the Republic of Ireland, and we 
summarise some of the findings from a survey of 31 lakes sampled 
regularly between March 1996 and December 1997 (Irvine et al. 2001). 
Background to monitoring Irish lakes and implementation of the WFD 
There is without doubt a continuing deterioration of the quality of surface 
waters in Ireland. Although many lakes and rivers retain high quality water 
and habitats, the need to address a worsening situation overall has been 
highlighted in the recent report: Ireland's Environment - A Millennium 
Report by the (Irish) Environmental Protection Agency (EPA 2000). This 
focus on declining water quality coincides, perhaps fortuitously, with the 
development of the EC WFD, establishing a framework for Community 
action in the field of water policy. The EC's pursuance of legal action over 
phosphorus emissions and failure to implement EC Directive 76/4645/EEC 
focuses further attention on the issues, and particularly the causes, of 
eutrophication. In the Republic of Ireland, these are generally attributed to 
intensification of agriculture. This has involved the increasing application 
of inorganic nutrients (Tunney et al. 1997) and large-scale disposal of 
animals wastes, usually achieved through spreading on land. 
The WFD places water and its associated ecological quality within the 
context of the catchment through the implementation of River Basin 
Management Plans. It will supersede and amalgamate a number of existing 
Directives that have arisen somewhat piecemeal in response to 
environmental pressures on aquatic environments, and will be the effective 
document under which national legislation will address quality issues 
within rivers, lakes, transitional waters (mainly estuaries), coastal waters 
and groundwaters. It will, however, also address those pressures within the 
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catchment that lead to deterioration or provide risk to water and its 
ecology. As such, the WFD is extensive in its coverage and has major 
implications for the sustainable management of both terrestrial and water 
habitats. 
The WFD departs from traditional thinking in one other and significant 
way. It requires quality status to be defined relative to reference conditions, 
with a key defining issue that quality will be based largely around the 
concept of "ecological quality". This is of fundamental importance to both 
surface and groundwater assessment protocols. It necessitates the 
identification of baseline or reference conditions for rivers, lakes, 
transitional waters and coastal waters in terms of hydromorphology, 
chemistry and biology. For heavily modified or artificial waters the WFD 
refers to an "ecological potential". The approach to definition of "good 
status" for groundwaters is broadly similar, dependent on a number of 
chemical parameters but also on the diminution of chemical or ecological 
quality of associated terrestrial systems. The requirements of the proposed 
WFD include the setting of quality standards, supported with 
ecotoxicological testing, for listed priority substances for both ground and 
surface waters. 
The response of Member States to the demands of the WFD is in its 
infancy and the next few years will require the development of the 
methodological and political instruments necessary for effective 
implementation. The WFD provides the paradox of a set of seemingly 
stringent policies, written in fairly general terms. Despite an extensive list 
of definitions, the WFD does not provide real guidance on the workable 
meaning of many of its aspirational policies. This has led to considerable 
debate over a whole range of meanings contained within the Directive and 
the mechanisms required for its implementation. This debate relates to all 
types of waters and will probably go to the heart of questions about 
catchment use and its consequence on aquatic environments. There will be 
a need to establish criteria for environmental risk for each category of 
aquatic habitat and identify the causative pressures on them. 
Recent monitoring of lakes in the Republic of Ireland 
Risk assessment and monitoring will form an iterative process, with the 
extent of risk determining the intensity of monitoring. This poses 
numerous problems, not least with regard to determining the scale and 
intensity of monitoring programmes. In the Republic of Ireland there 
already exists an extensive network for monitoring rivers (e.g. Lucey et al. 
1999), based mainly on macroinvertebrate surveys but also including 
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measurement of chemical variables for many sites. In comparison, lake 
monitoring has been much less extensive and has not developed as an 
integrated strategy. 
Although there was a national survey covering 53 lakes in the 1970s 
(Flanagan & Toner 1975), sampling of lakes has occurred generally as a 
response to perceived problems of water quality and has focussed on the 
larger, often "higher profile" waters. In the most recent national Water 
Quality in Ireland report covering the period 1995-1997 (Lucey et al. 
1999), quality assessment was based on 120 lakes, of which 39 were 
sampled in only one of the three sampling years and 43 lakes were sampled 
only once. Assessment of 51 lakes was based on six or more samples taken 
within a one-year period, with 30 of those lakes sampled at least six times 
annually in more than one year. The assessment included the majority of 
the 24 larger (>750 ha area) lakes, with information given for 23 of them. 
In the previous reporting period, covering 1991-1994, Bowman et al. 
(1996) provided information on 135 lakes, including 17 of the larger lakes. 
While it can be argued that, in terms of water volume, monitoring the 
majority of the larger lakes provides an adequate coverage overall, it is also 
clear that the number of lakes that were monitored regularly represents a 
very small proportion of the estimated 4000 to 5000 lakes present in the 
Republic. It is also true that the intra-annual frequency of sampling for 
water chemistry has been generally lower than the recommended 
periodicity given in the WFD. With the exception of phytoplankton 
chlorophyll-α, biotic variables generally have not been included in the 
evaluation of lake quality. Over the last twenty years, some detailed but 
short-term studies of lakes have included plankton counts (e.g. Horkan & 
Toner 1984; Bowman 1985; Bowman 1991), and macrophytes have been 
intensively surveyed in some lakes (King & Caffrey 1998). Monitoring of 
fish stocks is well established through the work of the Central and 
Regional Fisheries Boards, but is traditionally related to a "beneficial use" 
of angling (Central Fisheries Board 1986), although this has been 
increasingly accompanied by monitoring for other fauna in lakes such as 
Loughs Derg, Sheelin, Ennell, Corrib and Conn. With one notable 
exception (monitoring profundal animals in Lough Leane, Killarney 
(Twomey 1995; Irvine et al. 2001)), macroinvertebrates have not been 
included routinely in lake assessment protocols. This contrasts markedly 
with the ongoing programme of river quality assessment by the Irish EPA 
that is dependent on sampling macroinvertebrates. However, the contrast 
between assessment of rivers and ad hoc monitoring of lakes is not a 
uniquely Irish phenomenon. Monitoring of lakes across Europe is generally 
less comprehensive than that of rivers (Kristensen & Bogestrand 1996). 
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Recent strategies for monitoring the lakes in the Republic of Ireland are 
insufficient to meet the demands of the WFD. In addition to the limited 
spatial and temporal coverage, current practice evaluates trophic status of 
lakes by estimating the maximum annual concentration of chlorophyll-α 
(e.g. DELG 1997). In some cases this has been done with only a single 
annual sample. Recent introduction of nutrient management regulations 
(DELG 1998), the provision of nutrient management by-laws as recently 
passed in County Cavan, and the restriction of spreading wastes on land 
under Section 12 of the Water Pollution Act (1977), will assist with 
addressing nutrient pollution of waters. Nevertheless these measures 
provide a much more limited vision of pollution control than that contained 
in the WFD. A national monitoring programme for lake water quality 
currently under development by the EPA will considerably extend 
coverage of assessment (J. Bowman, EPA, personal communication), but 
has been designed to fulfill a requirement under Section 65 of the 
Environmental Protection Agency Act (1992). It is, therefore, not as 
encompassing in its assessment philosophy as the WFD. 
In recognition of the limitations of previous sampling in the Republic's 
lakes and realisation of the need to extend the rationale of lake assessment 
away from water quality per se and into wider concepts of "ecological 
quality", in 1995 the Irish EPA instigated a number of projects that would 
start the process of preparing for what has evolved into the WFD from its 
1994 precursor, the draft Ecological Quality of Water Directive. Results of 
this programme 'either have been published recently (O'Mongain et al. 
1999; Patersen et al. 1999; Tunney et al. 2000) or are in final stages of 
preparation (Irvine et al. 2001; McCarthy et al. 2001). In addition to the 
extensive amount of information collected, the projects have progressed 
the implementation of the WFD in two general ways. First, they have 
extended the coverage of lakes sampled in the Republic. Second, they have 
included biotic sampling and information on catchment use concurrent 
with physico-chemical sampling of lakes. A number of the projects have 
also contributed to the development of a national lake database and the 
application of Geographical Information Systems to information storage 
and dissemination. 
Seasonality - a basic problem for effectively monitoring lakes 
The WFD provides guidelines for the frequency of monitoring biotic and 
physico-chemical variables in lakes (Table 1). These guidelines are designed 
to address seasonal variation and to ensure that sampling frequencies 
effectively monitor inter-annual changes. 
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Table 1. Frequencies for monitoring biotic and physico-chemical elements for 
assessing lakes, recommended by the EC Water Framework Directive. 
Any monitoring programme of temperate lakes (and, incidentally, many 
tropical lakes) attests to the fact that seasonal variation of physico-
chemical and biotic variables tends to be the norm rather than the 
exception. This is central to the philosophy of limnology and any serious 
programme designed to monitor a lake involves a trade-off between ideal 
sampling frequencies and logistical constraints. For studies of single lakes, 
this often means accepting a frequency of monthly or fortnightly sampling. 
In some well funded catchment studies, automatic samples and analyses 
enable more frequent sampling. Such intensive work is usually done to 
establish important principles such as the relationship between land-use or 
climate with nutrient loading. The dilemma for a national monitoring 
programme of lakes is obvious. What is the minimum number of intra-
annual samples that are needed to evaluate a lake's quality status? 
Use of biotic quality elements for assessing lakes 
The WFD places emphasis on monitoring biotic as well as physico-
chemical variables. Biotic elements required for lakes are phytoplankton, 
macrophytes and phytobenthos, benthic invertebrates and fish. Whether all 
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of these elements are required for all lakes that are monitored remains 
uncertain, but it is unlikely that elements could be discounted without good 
scientific argument. It is also necessary that baseline reference conditions 
for the biotic elements (as well as for the physico-chemical and 
hydromorphological elements) are established. Reference states will be 
used as benchmarks to classify elements as having "high, good, moderate, 
poor or bad status". Currently, there is no established methodology for 
determining the quality status of any biotic element in Irish lakes. Expert 
judgement is of course useful but, almost inevitably, will be influenced by 
experience of only a limited number of lakes. 
The way forward for incorporation of biotic variables into lake 
assessment is not straightforward. Reference conditions are likely to vary 
among lakes with apparently similar hydromorphology and water 
chemistry, and collection of historic data from sediment cores can be 
expensive and technically difficult. A first step for use of biotic variables 
in the assessment of lakes is to establish relationships between biotic and 
physico-chemical variables within a range of lakes with varying 
morphological and catchment characteristics. This, at least, provides an 
understanding of biotic community structure in varying ecological 
conditions and can identify taxa that are useful as bioindicators. At the 
same time it is important to acknowledge that sampling a biotic variable 
that has clear associations with water chemistry may not be any more 
informative than simply obtaining chemical measurements. However, 
without the first stage of identifying these relationships, it is difficult to 
envisage the development of a more sophisticated methodology. The 
largely successful use of macroinvertebrates in river monitoring is based 
on a century of investigations of such associations (Washington 1984) 
culminating in sophisticated monitoring methodologies (Wright et al. 1998, 
2000). 
A recent study of 31 lakes in the Republic of Ireland 
Between March 1996 and December 1997, 31 lakes (Table 2) in the 
Republic of Ireland were sampled regularly for a range of physico-chemical 
and biotic variables that probably would be important for monitoring 
programmes implemented under the WFD. The lakes represented a range of 
hydromorphological and physico-chemical conditions throughout the 
Republic. It included lakes with severe anthropogenic disturbance and those 
that were thought to be in fairly pristine condition. In addition to 
limnological sampling, catchment and land-use data were also collected. 
Each lake was assigned a unique national identification code and all data 
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Table 2. Locations of 31 Irish lakes sampled in 1996 and 1997. Depth is maximum 
depth (m). 
that had been collected was stored within a Geographical Information 
System (GIS), designed to be compatible with national requirements. A full 
methodology and the results of this project are provided by Irvine et al. 
(2001). For the purposes of this account, we highlight two main points. 
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(1) The inherent seasonal variability of the common descriptors of lake 
trophic status, i.e. Total phosphorus (TP) and chlorophyll-α. 
(2) Aspects of the data collected for littoral invertebrates that will assist 
towards meaningful incorporation into monitoring programmes designed to 
meet the requirements of the WFD. 
We have chosen to focus on trophic status, as nutrient enrichment is the 
greatest environmental pressure on Irish lakes. 
Total phosphorus and chlorophyll-α 
Eleven lakes were sampled approximately monthly and the other 20 in 
April, June, July and September of each year. Sampling stations were 
located using a SCUBAPRO PDS-2 hand-held echo sounder and were 
generally at lake maximum depth. Vertically integrated samples for 
chemical and physical analysis were taken using a tube of 2.5 cm internal 
diameter and 6 metres in length. Two 6-m vertically integrated samples 
provided 5 litres of water. Where the depth was insufficient or the 
hypolimnion extended above 6 m, a dip sample was taken at c.0.5 m depth. 
Total phosphorus (TP) was determined in duplicate according to 
Eisenreich et al. (1975) and measured spectrophotometrically at 882 nm. 
All determinations of TP followed calibration with five standards in 
duplicate. Chlorophyll-α was determined using methanol extraction 
according to the Standing Committee of Analysts (1980). Depending on 
sample turbidity, 0.1 to 2.5 litres of sample was filtered through GF/C filter 
paper using a field hand-operated filter pump. The filter paper was placed 
into a centrifuge tube containing 10 ml of methanol, placed in darkness and 
stored at 4°C upon return to the laboratory. Samples were brought to 
boiling point (c.75°C) for 60 seconds. After cooling, the filter papers were 
removed and samples were centrifuged at 3500 rpm for 9 minutes. 
Absorbance was measured with a spectrophotometer at 665 and 750 nm. 
Seasonality of total phosphorus and chlorophyll-a 
Of the eleven lakes sampled at the higher frequency (c. monthly, Table 3), 
maximum concentrations of TP occurred between October and March in 
six lakes, and between April and October in the other five (Ballyquirke, 
Gowna, Lene, Owel, Ramor). Minimum concentrations were found in 
June-July for four lakes in both years (Feeagh, Inchiquin, Lickeen, 
Moher), and in another four lakes in one of the years sampled (Dan, 
Doolagh, Gowna, Ramor). In the other lakes, or years, minimum 
concentrations were found in autumn (September-October) or early spring 
(January-April). 
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Table 3. Mean concentrations (|ig per litre) ± 95% confidence limits for Total 
phosphorus and chlorophyll-α in eleven Irish lakes sampled approximately monthly 
between March 1996 and December 1997; n is the number of samples each year. 
Seasonal pattern of TP was variable among lakes and more pronounced 
in some, as exemplified by four lakes located within 50 km of each other in 
the west of the Republic (Fig. 1). 
Lough Lickeen and Inchiquin showed clear patterns of TP winter 
maxima and summer minima, while in Doolough this pattern was much 
less clear and in Ballyquirke it was not evident at all (Fig. 1). 
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FIG. 1. Concentra t ions (μg per litre) of Total phosphorus (solid lines) and 
chlorophyl l-α (dashed lines) in four Irish lakes during 1996 and 1997. 
No single annual measurement was a reliable estimate of either annual 
maxima or mean TP among the eleven lakes for which monthly data was 
collected. The 95% confidence limits indicated that for many of the lakes 
the spread of seasonal samples provided a reliable estimate of the mean. 
For some lakes, however, such as Inchiquin, Gowna and Ramor, there was 
high variance around the mean. Nevertheless, a spread of four samples 
across the annual cycle provided a mean value within 10% of the mean 
calculated from the original sampling effort for 18 out of the 22 lake-years 
sampled; the maximum deviation from the original mean was 19% 
(Lickeen 1996). The combination of four samples providing the best fit to 
the annual mean TP estimated from the original samples was, for 1996, 
March (excepting Ballyquirke and Inchiquin, for which n = 3), June, 
September and the following January. For 1997, the 4-month combination 
was January, March, June, and September. When the sample for December 
(1996) was used instead of the January (1997) sample to represent the 
winter variable for TP in 1997, 16 of the estimates were within 10% of 
means based on a larger sample size (Table 3) and the maximum deviation 
was also 19%. 
Concentrations of phytoplankton chlorophyll-α also displayed marked 
seasonal variation (Table 3 and Fig. 1) but the seasonal pattern was quite 
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different from that of TP. Maximum chlorophyll-α in nine of the 22 lake-
years occurred in August, and another eight occurred between June and 
October. In three lakes (Inchiquin, Lene and Moher) maxima occurred in 
spring (March-May). Seasonal patterns of maximum chlorophyll-α were 
normally consistent between years for the lakes. Notable exceptions were 
Lough Inchiquin (maximum concentrations in May 1996 and August 1997) 
and Lickeen (maximum concentrations in September 1996 and June 1997). 
Annual variation among chlorophyll-α concentrations was generally more 
pronounced than for TP. With the same four seasonally spread samples that 
were used for TP estimates, mean values for chlorophyll-α were within 
10% of the original means for 11 lake-years, with a maximum deviation of 
37% (Lough Lene 1996). The spread of four samples that provided the 
closest fit to the overall seasonal means (Table 3) was for samples 
collected in March, May, July and September. This provided estimates of 
mean chlorophyll-α within 10% of the original means for 12 lake-years, 
with a maximum deviation of 37% (Lough Inchiquin 1996). 
Littoral macrinvertebrates 
Macroinvertebrates were sampled from the littoral of 29 lakes between 
April 1996 and June 1997. Sampling for benthic macro-invertebrates was 
done using a 0.25 x 0.25 m sweep-net with a mesh size of 1 mm. The net 
was trawled behind feet kicking the substrata for 12 seconds, covering a 
distance of 1 metre and in water no deeper than 0.5 m. Samples were taken 
from mineral substrata of predominantly pebbles (16 to 64 mm diameter) 
and cobbles (64 to 256 mm diameter) from all lakes with the exception of 
Lough Dromore, where this habitat type was not within easy access. 
Samples were preserved in the field in 70% industrial methylated spirits 
(IMS) and sorted and identified later using stereo and compound 
microscopy. Additional samples were collected for chydorids (Cladocera). 
These were sampled by kick-sampling using a net with 240 μm mesh, 
which was swept over c.\ m of the lake bed for 12 seconds. The sample 
was washed from the net and preserved in 70% alcohol. The samples were 
taken from the littoral zone of each lake in a depth of c.30 cm. As chydorid 
species have quite specific habitat preferences, sampling was standardised 
by collecting from a stony/gravely substratum and, where possible, a bed 
of aquatic plants was included at each site. The samples were taken from 
the same locations on each visit. Eighteen taxa were significantly related to 
major physico-chemical variables of the lakes (Table 4). Some of these 
taxa were only found in a minority of the lakes studied but others, such 
as the gastropod mollusc Valvata, the isopod cructacean Asellus, and the 
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Table 4. Spearman rank correlation coefficients for relationships between the mean 
abundances of littoral macroinvertebrate taxa identified as potentially useful indicators 
for lake assessment and three major physico-chemical variables indicative of 
geological, acidity and trophic status of Irish lakes; n is the number of lakes where taxa 
were recorded. Significance levels *p<0.05, **p<0.01. 
chydorid cladocerans Chydorus sphaericus and Alonopsis elongata, were 
widespread. Analysis of community structure through multivariate 
techniques suggested that community structure could assist with lake 
classification (Irvine et al. 2001). However, further analysis using a dataset 
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from a larger number of lakes is required to develop methodology that 
would be useful for a meaningful assessment of lakes. Assessments of the 
potential of profundal invertebrates and open-water zooplankton for 
monitoring programmes are presented by Irvine et al. (2001). 
Problems of monitoring lake types with varying seasonal patterns 
The requirements of the WFD imply a radical departure from the accepted 
view that successful management of lakes requires detailed assessment and 
that lake ecology can only be evaluated on a case by case basis. Logistical 
and financial limits inevitably put the onus on European Member States to 
provide cost-effective assessment techniques. The WFD is, however, clear 
in its dictates that inherent temporal and spatial variability must be taken 
into account when devising monitoring programmes. Therein lies the 
challenge to provide an effective monitoring protocol. The work 
summarised here demonstrates the difficulty of monitoring different lake 
types with varying patterns of seasonality. The common indicators of 
trophic status - Total phosphorus and chlorophyll-α - showed different 
degrees and patterns of variance. Sampling of biotic elements illustrated 
other problems. Lakes often have varying types of substrata and the 
distribution of invertebrate taxa amongst a series of lakes can be quite 
variable. Multivariate techniques offer a powerful tool for quantifying 
biotic communities indicative of lake types and quality status, but they 
require a large sample of lakes before they can be used with confidence in 
lake assessment. However, many of the questions that we need to answer 
are now well formulated and should form the next stage of research. They 
include finding solutions to difficulties relating to seasonal and spatial 
variation of physico-chemical and biotic elements, the choice of those 
elements in routine monitoring, and the establishment of baseline status for 
lakes. It would be important to resist a headlong charge into routine 
monitoring without further elucidation of the underlying distribution 
patterns of those elements that the WFD requires to be monitored. 
Classification of lakes and the meaning of terms 
The meaning of many terms defined in the WFD require clarification, not 
least the working definition of "high", "good", "moderate", "poor" and 
"bad" status. Selection of a system of classification for Irish lakes is also 
currently uncertain. If one of the suggested classification schemes (System 
A) of the WFD is employed then the majority of lakes in the Republic will 
fall below the minimum surface area of 50 hectares. If this occurs it will 
not be in keeping with the spirit of the WFD. The use of fixed-boundary 
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assessment schemes such as the OECD (1982) trophic classification should 
be re-evaluated, even though this has been enshrined recently in Local 
Government Regulations in the Irish Republic (DELG 1998). The fixed-
boundary scheme, while useful for general categorisation of lakes, can 
place too much emphasis on small differences that straddle boundaries and 
do not assess the trophic status of lakes relative to reference conditions. 
The DELG (1998) regulations permit assessment of trophic status based on 
a single seasonal measurement of chlorophyll-a, and allow baseline target 
conditions to be established through monitoring done after 1995. This 
permits, respectively, a "hit or miss" approach to monitoring, and enables 
management to discount recent degradation of lakes, in cases where the 
first sampling after 1995 classifies a lake as mesotrophic or oligotrophic. 
For many Irish lakes, a mesotrophic rating may already indicate significant 
departure from high quality within the meaning of the WFD. 
Assessing risk from activities on the catchment 
In addition to the development of assessment protocols within each lake, 
the WFD also requires the assessment of risk from activities on the 
catchment. Over the last few years there has been a considerable amount of 
work in the development of mathematical models that describe and predict 
the relationship between catchment activities and nutrient runoff (e.g. 
Beaulac & Reckhow 1982; Clesceri et al. 1986; Johnes et al. 1996; Muller 
et al. 1998; Kronvang et al. 1999; Arheimer & Brandt 2000). Much of this 
work has occurred in relative isolation as different workers favour their 
own version of the art. The time probably has come to collate and evaluate 
the effectiveness of catchment and nutrient transport models to provide a 
realistic assessment of risk to lakes from differing catchment use. 
In the Irish Republic, recent large-scale catchment management 
programmes such as those for the catchments of the Shannon and the 
Killarney lakes, bear testament to a shift in political acceptance of the need 
to understand and implement catchment management for the protection of 
surface and groundwaters. The recently announced National Development 
Plan 2000-2006 indicates an allocation of nearly Ir£3 billion pounds for 
investment in water and wastewater services. New research programmes 
funded by the Irish EPA will be in nutrient losses from agricultural 
catchments, a study of the state of preparation for WFD implementation, 
and a pilot field programme of lake monitoring with regard to the 
requirements of the WFD. Therefore the Republic of Ireland appears to be 
taking its responsibilities under the WFD quite seriously. For many years, 
ecologists may have been critical of a laissez faire attitude by Government 
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and the public to the rich water resources of the country, and it remains to 
be seen if recent encouraging rhetoric on policies and funding translate into 
protection and restoration of surface waters. If so, it may soon be the case 
that it is ecologists who will be criticised for failing to provide the effective 
techniques for lake and catchment management. 
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